Abstract: The purpose of this study was to evaluate the influence of superstructure material and vertical misfits on the stresses created in an implant-supported partial prosthesis. A three-dimensional (3-D) finite element model was prepared based on common clinical data. The posterior part of a severely resorbed jaw with two osseointegrated implants at the second premolar and second molar regions was modeled using specific modeling software (SolidWorks 2010). Finite element models were created by importing the solid model into mechanical simulation software (ANSYS Workbench 11). The models were divided into groups according to the prosthesis framework material (type IV gold alloy, silver-palladium alloy, commercially pure titanium, cobalt-chromium alloy, or zirconia) and vertical misfit level (10 µm, 50 µm, and 100 µm) created at one implant-prosthesis interface. The gap of the vertical misfit was set to be closed and the stress values were measured in the framework, porcelain veneer, retention screw, and bone tissue. Stiffer materials led to higher stress concentration in the framework and increased stress values in the retention screw, while in the same circumstances, the porcelain veneer showed lower stress values, and there was no significant difference in stress in the peri-implant bone tissue. A considerable increase in stress concentration was observed in all the structures evaluated within the misfit amplification. The framework material influenced the stress concentration in the prosthetic structures and retention screw, but not that in bone tissue. All the structures were significantly influenced by the increase in the misfit levels. (J Oral Sci 55, 239-244, 2013)
Introduction
With the advent of osseointegrated dental implants, prosthetic treatment in partially and completely edentulous patients has significantly improved (1) . The connection between the osseointegrated implant and peri-implant bone tissue is more rigid in comparison with the resilience of the periodontal ligament of the natural dentition (2) . Thus, a passive fit at the implant-prosthesis interface has been suggested to be crucial for the long-term success of osseointegration (3) and to prevent future complications (4) . Dimensional changes can occur during clinical and laboratory procedures of prosthesis fabrication as a result of improper clinical techniques or manufacturing defects (2) .
Many complications can be caused by misfit in prosthetic frameworks. These complications include biologic effects such as bone deformation and remodeling, microdamage, continual resorption, or even loss of osseointegration (2, 5) . Mechanical complications include porcelain fracture, screw loosening or fracture, and framework fracture (2, 4) . Some studies associate these complications with the misfit of the prosthesis (6, 7) . However, the exact relationship between prosthesis misfit and implant complications is still poorly understood (8) .
Distortions that occur during the clinical and technical steps of prosthesis fabrication may hinder the achievement of passive fit. These distortions may occur during the impression procedure, master cast fabrication, wax pattern fabrication, casting, porcelain firing, and tolerance of the different implant components (2) . In addition, biologic tolerance has been suggested regarding the presence of misfit (7, 9, 10) ; however, there is difficulty in determining these states due to the limitations of these studies and the ethical issues associated with in vivo studies (11) . The materials used in framework fabrication have been suggested to be very important for biomechanical reasons. When loads are applied on the superstructure, stresses are created within them and transferred to the bone-implant interface, implant, and prosthetic components (12) . They could influence the survival of the restoration and affect the bone stress distribution around implants (13) . Initially, gold alloy was the most frequently used material for framework fabrication, but due to its high cost, alternative alloys were introduced in dentistry, including cobalt-chromium, silver-palladium, and titanium alloys (11) . More recently, zirconia frameworks were proposed as an esthetic alternative for the metallic implant framework due to their chemical durability, aesthetics, biocompatibility, minimal plaque accumulation potential, and superior mechanical properties (14) , thus solving the corrosion and esthetic limitations of metal alloys (1). These advantages led to an exponential increase in zirconia application as the framework material for dental prosthesis (2) .
The stresses on prosthetic structures and bone tissue are not only observed when occlusal loads are applied. Stresses are also created when ill-fitting prostheses are installed (15, 16) , and the values of these generated stresses vary with the stiffness of the framework material (13) . Previous finite element analyses (FEA) were used to evaluate the influence of the increase in vertical misfit in implant-supported fixed prostheses (8, 17 ) and overdenture-retaining bars supported by two implants (11, 18) . However, controversial results were observed as the misfit amplification caused a considerable increase in stresses in peri-implant bone tissue in implant-supported fixed prostheses and did not influence the stress values in peri-implant bone in overdenture retaining systems. Different framework materials for single crowns (19) fixed-partial prostheses (14) and full arch prostheses (20) were evaluated with respect to the stresses transferred to peri-implant tissue and prosthetic structures; however, the presence of vertical misfit, a clinical possibility, was not considered. The aim of this study was to evaluate the influence of the framework material and different levels of vertical misfit on the stresses created in a partial implant-supported prosthesis (framework and porcelain veneer), retention screw, and peri-implant bone during usage of the prosthesis.
Materials and Methods
The three-dimensional model was defined based on clinical data taken from a common situation. The posterior part of a severely resorbed jaw (12.7-mm height × 23.2-mm width, with 1-mm thick cortical bone layer) with two osseointegrated titanium implants (External Hexagonal, cylindrical, 4.0-mm diameter × 10-mm length) placed slightly mesially angulated (18 degrees) and parallel to each other in the right second pre-molar and second molar regions, with a distance of 16.1 mm between them and a metal-ceramic fixed-partial denture (9.1-mm height × 18-mm width, with an average ceramic layer of 1.4 mm), was modeled using specific 3-D modeling software (SolidWorks 2010, SolidWorks Corp., Concord, MA, USA). The implant thread was removed because, after convergence tests, it was found to be irrelevant to the analysis and caused a significant reduction in elements.
Finite element models were obtained by importing the solid model into mechanical simulation software (ANSYS Workbench 11, Ansys Inc., Canonsburg, PA, USA). The models were divided into groups according to the framework material -type IV gold alloy (Au), silverpalladium alloy (Ag-Pd), commercially pure titanium (Ti), cobalt-chromium alloy (Co-Cr), or zirconia (Zr) -and misfit level (10 µm, 50 µm, and 100 µm) created at the second pre-molar implant-prosthesis interface. All materials used in the models were considered to be isotropic, homogeneous, and linearly elastic. The elastic properties used were taken from the literature (Table 1 ) (11, 21, 22) . Model stability was ensured to obtain a reliable model that was regarded as relevant with respect to engineering and clinical aspects (11) . The total number of elements and nodes generated in the FE models were 736,750 and 1178,870 for 10 µm, 742,289 and 1187,188 for 50 µm, and 725,737 and 1160,223 for 100 µm of vertical misfit, respectively. The shape of the element was tetrahedral with 10 nodes. The investigated models showed the configurations presented in Fig. 1 . The stability of the model was checked, and particular attention was paid to the refinement of the mesh resulting from the convergence tests at the bone/implant interface.
The base of the mandible was set as the fixed support, the gap of the vertical misfit was set to be closed and data were produced numerically, color-coded, and compared among the models. The maximum principal stress for framework, porcelain veneer, and bone tissue was recorded, since this criterion can be applied for fragile and friable materials; its application in the framework was due to the presence of the zirconia, a material that belongs to ceramic groups. The von Mises stresses were recorded for the prosthetic screw, since this criterion provides maximum deformation energy of a material, especially for rigid and ductile structures such as metals.
Results
Framework A significant increase in the maximum principal stress (MPS) values in the frameworks was observed when stiffer materials were evaluated. The increase in the stress values was also proportional to the misfit levels. The higher stress concentrations occurred in the metallic strap of the abutment of the molar, more specifically in the mesial region, where it comes into contact with the implant platform. All the stress values are presented in Table 2 . The MPS values in the frameworks with 100 µm of vertical misfit are presented in Fig. 2 .
Porcelain veneer
There was a significant decrease in the MPS values in the porcelain veneer when stiffer frameworks were analyzed (Co-Cr and Zr). However, the use of less rigid materials (Au, Ag-Pd, and Ti) did not lead to significant differences in the stress distribution. A significant increase in the stress values was observed when the misfit was amplified. As in the frameworks, the maximum stress values were observed in the metallic strap of the abutment of the molar in the mesial region close to the framework interface. All the stress values for the porcelain veneer materials are listed in Table 3 . 
Retention screw
The von Mises stress values were recorded in the molar retention screw, and an increase in the values was observed in accordance with the increase of the stiffness of the frameworks. An increase in the stress values in the screw was also observed with misfit amplification. The stresses were observed in the long axis of the screws.
The stress values for the screws in the different situations analyzed are presented in Table 4 .
Bone stress
The framework material was shown to have an insignificant influence on the MPS in bone tissue. An increase in stress concentration could be observed with misfit amplification. The cortical bone at the implant-bone interface showed higher stress values. The stress values for the different situations are presented in Table 5 . The MPS at all levels of vertical misfit in the cobalt-chromium alloy framework is presented in Fig. 3 .
Discussion
Clinical trials have the potential to provide the strongest evidence. However, in vivo biomechanical measurement is limited by ethical and/or methodological aspects. Thus, finite element analysis (FEA) has been used extensively as a tool of functional assessment in implant research. This methodology consists of a mathematical model that is built based on the prosthesis, implant, and alveolar process geometries, the boundary conditions, and the material properties (Young's modulus and Poisson's ratio). The implant system performance is measured based on specific values and by a gradient of stress/strain distribution in all structures of the model (23) (24) (25) .
The model generation and material properties in the present study were modified for simplification. Although all the structures were assumed to be isotropic, homogeneous, and linear elastic, it is known that these conditions do not occur in live tissues, such as the cortical bone, which is transversely isotropic and inhomogeneous (19) . The level of osseointegration was considered to be 100%, which has also been demonstrated to be incompatible with real conditions; however, studies have found that the analysis of non-linear frictional contacts and complete osseointegration of the bone-implant interface led to similar results (26, 27) . The screw and implant thread were removed, as they were found to be irrelevant to the analysis after convergence tests and provided a significant reduction in elements (19) .
In the current study, an increase in stress in the retention screw and framework was observed when stiffer materials were used for the prosthesis frameworks. These findings are in agreement with a previous study, which suggested that stiffer framework materials cause higher stress concentrations due to their lesser deformation (11) . However, according to the present study, it is possible to infer that this increase in the stress values may not be a clinical problem because the difference in the stresses is lower than the stiffness of the metallic structures. Regarding the retention screws, it has been suggested that the reduced deformation of stiffer frameworks 
Fig. 3
Maximum principal stress distribution in bone tissue with cobalt-chromium alloy framework in the levels of (A) 10 µm, (B) 50 µm, and (C) 100 µm of vertical misfit.
during closure of the misfit is responsible for transmitting greater stress to it. Lower stress values in porcelain veneer were observed when stiffer frameworks (Co-Cr and Zr) were evaluated, which is in agreement with a previous study (20) . This can be explained by the fact that, during prosthesis settlement, a less rigid material tends to suffer greater deformation, transferring the stresses to the veneering material. As a result, materials with similar values of elastic modulus (Au, Ag-Pd, and Ti) did not present significant differences in the stress distribution, probably because they have similar deformation capability. The higher stress concentration in the framework and porcelain veneer occurred in the cervical region of the molar crown, more specifically in the mesial region that comes into contact with the implant platform, probably due to the rotational tendency of the prosthesis during closure of the misfit, which causes stress concentration between these structures. The retention screw of the molar presented high stress values, which were observed in the long axis and probably caused by tensile forces. A considerable increase in stress was observed in the framework, porcelain veneer, and retention screw proportional to the increase in misfit, which is in agreement with previous studies (8, 11, 18, 21) . It has been suggested that these structures are more sensitive to a lack of passive fit and are directly responsible for clinical failures such as loosening or fracture of the abutment or prosthetic screw and fracture of the framework or veneers (18) due to asymmetric contact among the various components of the system (28) . The association between the vertical misfit and screw loosening has been established by previous studies (29) .
In the current study, variation of stiffness of the framework materials did not demonstrate a significant effect on the stress values in the bone tissue surrounding implants, corroborating previous studies (11, (19) (20) (21) . It has also been postulated that the viscoelasticity of bone compensates for any differential rigidity among the prosthetic materials (21) . Higher values of MPS were observed in the cortical bone, which can be explained by its higher elastic modulus compared to the cancellous bone (12) .
The changes in vertical misfit showed a considerable influence on the stress values in peri-implant bone tissue; this fact was also observed in other FEA reports (8, 17) . Previous studies performed in primates (9) and rabbits (10, 30, 31) evaluated the consequences of different levels of vertical misfit on the peri-implant bone tissue. However, these studies had some limitations; it was impossible to evaluate the influence of vertical misfit when under occlusal loads (16) and the consequences in the prosthetic structures, which are important factors in the success of treatment. Other clinical studies have suggested the existence of a certain level of tolerance of bone tissue to a lack of passive fit in implant-supported prostheses. In a previous study, a misfit until 150 µm was considered acceptable (6) , and in another study, the mean misfit was 111 µm and 91 µm for 1-year and 5-year follow-up groups, respectively, which did not present a correlation with marginal bone level changes (7) . These studies were performed in edentulous patients rehabilitated with full arch prostheses supported by five to seven implants. However, the number of implants and the nature of the prosthesis (full, partial, or single) seem to be important factors in the stress distribution of implantborne prostheses (13) . The misfit tolerance observed in full-mouth rehabilitation seems to be unacceptable for partial prosthesis supported by a minimal number of implants.
Based on these considerations, further studies evaluating the influence of occlusal load on the stress distribution in implant-supported partial prostheses are necessary to verify the behavior of ill-fitting prostheses under chewing conditions.
Considering the conditions evaluated in this FEA study, it can be concluded that:
1. Stiffer materials promote higher stress concentration in the framework, which increases proportionally to the stiffness of the materials. 2. Stiffer frameworks increase the stress values in the retention screw, while in the same circumstances, the porcelain veneer shows lower stress values. 3. The stiffness of the materials does not have a significant effect on the stresses in peri-implant bone tissue. 4. A considerable increase in stress concentration was observed in all structures (framework, porcelain veneer, retention screw, and peri-implant bone) when the misfit was increased.
